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ABS TRAC T 
Spaced-receiver observat ions over four  opposi t ions e s t a b l i s h  t h e  
o r i g i n  of t h e  one-second component of  t ime-s t ruc ture  i n  J u p i t e r ' s  deca- 
met r ic  emission a s  d i f f r a c t i o n  by inhomogeneities i n  t h e  s o l a r  wind 
moving r a d i a l l y  outward from t h e  sun. 
theory suggest inhomogeneity c o r r e l a t i o n  s c a l e  s i z e s  ranging from a few 
hundred t o  a few thousand kilometers,  and s e t  an upper l i m i t  on t h e  in -  
t r i n s i c  angular s i z e  of J u p i t e r ' s  decametric source a t  about 5". 
Arguments from simple d i f f r a c t i o n  
i 
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I .  INTRODUCTION 
Rapid f l u c t u a t i o n s  have been a puzz l ing  f e a t u r e  of t h e  decametric 
r a d i a t i o n  from J u p i t e r  s i n c e  i t s  discovery by Burke and Frankl in  i n  1955. 
Because many of t h e  f l u c t u a t i o n s  a re  one t o  two orders  of magnitude f a s -  
t e r  than t h e  radio-source s c i n t i l l a t i o n s  a r i s i n g  from d i f f r a c t i o n  by 
t e r r e s t r i a l  ionospheric  e l e c t r o n  clouds, t h e  fast  f l u c t u a t i o n s  were o r i -  
g i n a l l y  a t t r i b u t e d  t o  i n t r i n s i c  time v a r i a t i o n s  of t h e  source on J u p i t e r .  
I n  t u r n ,  t h i s  s t imula ted  a v a r i e t y  of  t h e o r e t i c a l  models of sources  cap- 
a b l e  of producing such r a p i d  t ime v a r i a t i o n s  (plasma o s c i l l a t i o n s ,  l i g h t -  
n ing  discharges,  e t c . ) .  However, Gardner and Shain (1958), with two 
r e c e i v e r s  separa ted  by 25 k m  on an E-W l i n e ,  produced simultaneous records  
showing poor c o r r e l a t i o n  of f l u c t u a t i o n s  having a t i m e  s c a l e  of seconds 
or l a r g e r ,  reopening t h e  p o s s i b i l i t y  of some ionospheric  process  though 
presumably a d i f f e r e n t  one from t h a t  respons ib le  f o r  t h e  well-known slower 
radio-source s c i n t i l l a t i o n s .  Several  groups have s tud ied  these  phenomena, 
e s p e c i a l l y  a t  F lor ida  and Chile  (see e .g .  Carr et aJ.1964) and a t  Colorado 
(Warwick 1963). 
I n  1958 t h e  newly formed rad io  astronomy group a t  Yale, hoping t o  
use  J u p i t e r  f l u c t u a t i o n s  a s  a t o o l  f o r  measuring d i spe r s ion  i n  t h e  i n t e r -  
p l ane ta ry  medium ( P h i l l i p  1957), e s t ab l i shed  a cont inuing spaced-receiver 
experiment t o  determine t h e  o r ig in  of t h e  f l u c t u a t i o n s ;  some prel iminary 
r e p o r t s  of f ind ings  have appeared (Smith and Douglas 19585, 1 9 6 2 ;  Smith, 
Lasker and Douglas 1960 ;  Douglas and Smith 1 9 6 1 ,  1963a,b,c;  Douglas 1960 ,  
1963, 1964). The present  paper d e t a i l s  our observat ions of one c l a s s  of  
f l u c t u a t i o n s  i n  t h e  J u p i t e r  r a d i a t i o n  - t h e  L-pulses - and o f f e r s  evidence 
- - -  
b 
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s t r o n g l y  support ing t h e  hypothesis (Smith and Douglas 1 9 6 2 ;  Douglas 1963,  
1964)  t h a t  most i f  no t  a l l  o f  t h e  L-pulses a r i s e  from d i f f r a c t i o n  by 
inhomogeneities i n  t h e  s o l a r  wind. 
11. SUMMARY OF TIME STRUCTURE 
On recept ion  a t  t h e  ea r th ,  Jovian decametric r a d i a t i o n  i s  charac- 
t e r i z e d  by a h i e r a r c h i c a l  time s t r u c t u r e  (see e .g .  d i scuss ion  and r e f e r -  
ences c i t e d  i n  Douglas 1964). A f ive - l eve l  c l a s s i f i c a t i o n  i s  suggested 
by single-frequency records of f l u x  versus  t ime,  i l l u s t r a t e d  i n  Figures  
1-4. 
Hourly average f l u x  values  during a one-month t ime i n t e r v a l  a r e  
p l o t t e d  i n  Figure 1, showing narrow sp ikes  of one t o  t h r e e  hours dura t ion  
(noise  storms) appearing i n  groups l a s t i n g  s e v e r a l  days t o  one week (ac- 
t i v i t y  periods) . The sharply discontinuol_rs apparent  cha rac t e r  of t h e  
no i se  storm arises pr imar i ly  from a sampling e f f e c t  caused by observing a 
p e r i o d i c a l l y  s t imula ted  d i r e c t i v e  r o t a t i n g  e m i t t e r  with a d i r e c t i v e  ro- 
t a t i n g  r e c e i v e r ;  t h e  presence o f  pronounced a c t i v i t y  per iods  a r i s e s  i n  
p a r t  from t h e  same cause, and may a l s o  r e f l e c t  some i n t r i n s i c  t ime var- 
i a t i o n  of t h e  source,  
I n  a no ise  storm (e.g.  Figure 2) t h e r e  i s  a s t rong  tendency f o r  
apparent  a c t i v i t y  t o  be concentrated i n t o  per iods  of s e v e r a l  minutes dur- 
a t i o n  (burst  groups);  much of t h i s  appearance i s  produced by t e r r e s t r i a l  
ionospheric  s c i n t i l l a t i o n ,  bu t  dynamic s p e c t r a  (Warwick 1963) show t h a t  
concent ra t ion  i n t o  frequency d r i f t i n g  b u r s t  groups on t h i s  t ime s c a l e  must 
. 
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be due t o  time v a r i a t i o n  o r  frequency-dependent d i r e c t i v i t y  of t h e  source 
on J u p i t e r .  
Each b u r s t  group i n  t u r n  normally c o n s i s t s  of a s e r i e s  of pu l se s  un- 
reso lved  a t  t y p i c a l  slow recording speeds.  The high-speed photographic 
record  of Figure 3 r e so lves  such a b u r s t  group, showing t h e  sp ikes  of 
Figure 2 t o  be composed of  one or more peaks (L-pulses), each having a 
dura t ion  on t h e  order  of one second. Although f r equen t ly  t h e  L-pulses 
a r e  t h e  f a s t e s t  s t r u c t u r e  observed i n  a storm, sometimes more r ap id  s t r u c -  
t u r e s  (S-pulses) with dura t ions  ranging from less than 0 . 0 1  t o  0 . 1  second 
appear t o  be superimposed on t h e  L-pulses (Figure 4) .  The terminology 
used here ,  mainly introduced by Gal le t  (1961),  i s  summarized i n  Table 1. 
Table 1. 
The above simple hierarchy i s  no t  always obvious i n  t h e  observa t ions ;  
Figures  1 - 4 were chosen f o r  clarity. Among t h e  more f requent  dev ia t ions  
from t h i s  c l a s s i f i c a t i o n  scheme a re  n o i s e  storms i n  which b u r s t  groups are 
d i f f i c u l t  t o  d i s t i n g u i s h  (although t h e  L- and S-pulse f i n e  s t r u c t u r e  may 
remain p resen t ) ,  and r e l a t i v e l y  weak n o i s e  storms which appear t o  conta in  
no f l u c t u a t i o n s  whatever. 
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111. OBSERVATIONS OF L-PULSES 
a) Equipment 
The observat ions t o  be discussed i n  t h i s  paper a r e  records  of 
flux versus time, obtained a t  2 2 . 2  Mc/s and ad jacent  f requencies  with 
r e c e i v e r s  a t  f i v e  loca t ions .  The p r i n c i p a l  r ece ive r  and t h e  recording 
equipment f o r  a l l  r ece ive r s  were loca ted  a t  t h e  Bethany Observing S t a t i o n  
of t h e  Yale Observatory. Other r ece ive r s  were loca ted  on t h e  campus of 
Wesleyan Universi ty ,  Middletown, Connecticut; a t  t h e  Pomfret School, 
Pomfret, Connecticut;  a t  Hendrie Hal l  on t h e  campus of  Yale Universi ty ,  
New Haven, Connecticut;  and a t  the  Kalbf le i sch  F ie ld  S t a t i o n  of  t h e  
American Museum of Natural  History,  Huntington, Long I s l and .  Table 2 
gives  t h e  coordinates  of each s t a t i o n  toge ther  with t h e  azimuth and 
d i s t ance  of each r e l a t i v e  t o  the Bethany s t a t i o n .  Azimuths a r e  expressed 
i n  terms of  t h e  horizon system of 72" 18!6 west longi tude ,  41"40!8 
nor th  l a t i t u d e ,  which was chosen so t h a t  Bethany, Pomfret and Huntington 
a l l  l i e  i n  a plane p a r a l l e l  t o  the  horizon p lane .  
Middletown has a l t i t u d e  7 . 7  minutes of a r c  and Hendrie Hal l  - 3 7 . 1  
minutes of a r c .  
I n  t h i s  system, 
- 
Table 2 .  
For var ious  reasons,  one o r  more r e c e i v e r s  have been omitted from 
t h e  f u l l  system each year ;  Table 3 
s t a t i o n s  i n  opera t ion  on a year-by-year b a s i s .  
summarizes t h e  frequencies  and 
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Table 3 .  
A l l  2 2 . 2 0  Mc/s r e c e i v e r s  were of s i m i l a r  design, u t i l i z i n g  c r y s t a l -  
c o n t r o l l e d  l o c a l  o s c i l l a t o r s  and 6 kc/s bandwidth mechanical f i l t e r s  t o  
i n s u r e  frequency s t a b i l i t y .  The o the r  r ece ive r s  a t  Bethany u t i l i z e d  
s t a b l e  variable-frequency l o c a l  o s c i l l a t o r s  t o  e s t a b l i s h  t h e  opera t ing  
f requencies ;  a c t u a l  opera t ing  frequency was p e r i o d i c a l l y  checked with 
a frequency s tandard.  
All r ece ive r s  used i d e n t i c a l  ho r i zon ta l ly  polar ized  8-element Yagi 
antennas.  The Bethany antenna was t racked  on J u p i t e r ;  t h e  o t h e r s  were 
ad jus ted  t o  s u i t a b l e  d i r e c t i o n s  every s e v e r a l  months. The s t r e n g t h  of 
J u p i t e r  storms i s  such t h a t  records of  adequate q u a l i t y  were obtained 
over a four  hour time span around t h e  time when J u p i t e r  crossed t h e  beam 
of  t h e  f ixed  antennas.  Automatic diode-noise-generators i n  p a r a l l e l  
x i t h  t h e  antennss prndueed, f o r  each receiver ,  hourly c a l i b r a t i o n  marks 
used pr imar i ly  t o  v e r i f y  proper rece iver  and antenna opera t ion .  
Audio noise  from each remote r e c e i v e r  was c a r r i e d  t o  t h e  Bethany 
Observing S t a t i o n  over voice-type telephone c i r c u i t s  having, 
f o r  t hese  purposes neg l ig ib l e ,  propagation de lays .  Noise from a l l  
r e c e i v e r s  was r e c t i f i e d ,  i n t eg ra t ed  f o r  approximately 1 0  mi l l i seconds ,  
and amplif ied;  t h e  r e s u l t i n g  DC vol tages  de f l ec t ed  t h e  galvanometers i n  
a Honeywell Visicorder high-speed photographic r eco rde r .  One-second 
time l i n e s  and WWV t i c k s  were recorded simultaneously with t h e  f l u c t u a t i n g  
DC vo l tages  from t h e  r e c e i v e r - r e c t i f i e r  systems a t  c h a r t  speeds normally 
of 0 . 2  inch/second (Figure 3,Awith 1 inch/second (Figure 4) and 5 inch/ 
bu t  




The continued synopt ic  monitoring program (Douglas and Smith, 
1963  a,b) u t i l i z e d  in te r fe rometers  which permit ted unambiguous i d e n t i f i -  
c a t i o n  of J u p i t e r  emission, s o  t h a t  the pulses  seen on t h e  spaced re- 
c e i v e r s  and analyzed i n  t h i s  paper a r e  d e f i n i t e l y  known t o  be assoc ia ted  
with J u p i t e r  emission. 
- -  
b) T i m e  Corre la t ion  of L-Pulses a t  D i f f e ren t  Frequencies 
A given L-pulse normally has a band-width of t h e  order  of s e v e r a l  
megacycles (see a l s o  Warwick 1963; Smith e t  a l .  1963).  Careful  measure- 
ments of t imes of L-pulse peaks a t  two f requencies  have been made on 
s i n g l e - s t a t i o n  high speed records  from t h r e e  storms i n  1960 (0.8 Mc/s 
spacing) and t h r e e  storms i n  1964 (0.4 Mc/s spac ing) .  No depar tures  
from s imul tane i ty  wi th in  t h e  measuring accuracy of 0 .05  sec  were noted 
during t h e  20 minute average durat ion of  t hese  storms. 
- -  
A tendency f o r  b u r s t  groups t o  d r i f t  up o r  down i n  frequency has  
been noted by s e v e r a l  observers  (see p a r t i c u l a r l y  Warwick 1961,  1963; 
a l s o  Smith, Lasker and Douglas 1960; Douglas, 1960 ;  Carr & a l .  1961). 
A s i n g l e - s t a t i o n  high speed multi-frequency record  was obtained of a 
d r i f t i n g  b u r s t  group on 29 March 1960; Figure 5 was der ived from t h i s  
record.  Each L-pulse i s  resolved and i s  seen t o  occur simultaneously 
over a range of  f requencies ;  t h e  frequency d r i f t  of t h e  b u r s t  group is  
manifested through changing weightings of t h e  i n d i v i d u a l  L-pulses. 
Thus, w e  f i n d  t h a t  simultaneous a r r i v a l  of  L-pulses over a mega- 
cyc le  range i s  t y p i c a l ,  whether o r  no t  they make up a frequency d r i f t i n g  
b u r s t  group, i n d i c a t i n g  a d i f f e r e n t  mode of o r i g i n  f o r  L-pulses and 
b u r s t  groups. 
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c) S p a t i a l  Corre la t ion  
L-pulse c o r r e l a t i o n  between t h e  r e c e i v e r s  spaced a t  s epa ra t ions  
UP LO 1 0 0  'm was f r equen t ly  found t o  be exce l l en t  (Figures 3 and 4 ) ;  of 
79 storms r i c h  i n  L-pulses which were examined, each exhib i ted  a t  l e a s t  
some degree of long-basel ine co r re l a t ion .  However, t y p i c a l l y  t h e  b e s t  
c o r r e l a t i o n  between records  of the spaced r e c e i v e r s  r equ i r e s  small  bu t  
d i s t i n c t  t ime s h i f t s ,  e .g . ,  i n  Figure 3,  t h e  Pomfret record  i s  v i r t u a l l y  
i d e n t i c a l  t o  t h e  Bethany record,  but  t h e  amplitude s t r u c t u r e  occurs 0 .30  
seconds l a t e r .  
The most ex tens ive  ava i l ab le  c o r r e l a t i o n s  between t h e  Bethany and 
Pomfret s t a t i o n s  a r e  a t  2 2 . 2  Mc/s. These records ,  covering four  a p p a r i t i o n s  
of J u p i t e r ,  have been analyzed i n  two ways. F i r s t ,  t h e  t i m e  delays f o r  
some 25 t o  100  p a i r s  of L-pulses f o r  each storm observed a t  Bethany and 
Pomfret were measured and used t o  cons t ruc t  a delay histogram, permi t t ing  
es t imat ion  of t h e  most f requent ly  occuring de lay .  Second, d e f l e c t i o n s  
on 1 4  ef t h e  79 records were measured every 0 .25 ,  and analyzed numerically 
with c ros s -co r re l a t ion  techniques.  Time delays obtained by t h e  two 
methods a r e  i n  exce l l en t  agreement. Table 4 summarizes t h e  r e s u l t s  of 
both types  of measurements. 
S 
Table 4. 
The gene ra l  prevalence of fraction-of-a-second l a g s  over many t e n s  
of ki lometers  suggests  an o r i g i n  of t h e  L-pulses i n  an i r r e g u l a r  p a t t e r n  
of br ightness  and shadow which i s  d r i f t i n g  a t  s e v e r a l  hundred k i lometers  
per  second more o r  less along the  Bethany-Pomfret l i n e .  The c h a r a c t e r i s t i c  
. 
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s c a l e  s i z e  of t he  b r i g h t  patches i n  t h i s  p a t t e r n  would be t h e  dura t ion  of 
L-pulses t imes t h e  ve loc i ty ,  o r  a f e w  hundred k i lometers .  
This i n t e r p r e t a t i o n  i s  supported by fou r - s t a t ion  observat ions 
obtained i n  1961 .  Bethany, Middletown, and Pomfret a r e  approximately i n  
a l i n e ;  and Hendrie i s  a t  r i g h t  angles t o  t h i s  l i n e .  The delay histograms 
f o r  30 A p r i l  1 9 6 1  a r e  shown i n  Figure 6 .  Note t h a t  t h e  l a g s  over t h e  
99 km Pomfret-Bethany d i s t ance  were s u b s t a n t i a l l y  l a r g e r  than those f o r  
t h e  3 1  km Middletown-Bethany d is tance ,  a l s o  t h a t  t h e  l a g s  over t h e  
perpendicular  Hendrie-Bethany l i n e  were sys temat ica l ly  zero on t h i s  da t e .  
Although t h e  Hendrie-Bethany d is tance  is i n s u f f i c i e n t  t o  prove that  t h e  
d r i f t  v e l o c i t y  was accu ra t e ly  along t h e  Bethany-Middletown-Pomfret l i n e ,  
it does r u l e  out  t h e  otherwise poss ib le  hypothesis  t h a t  t h e  observed l a g s  
might have been produced by a p a t t e r n  of slow-moving t h i n  s t r i p s  o r i en ted  
a t  a smal l  angle  t o  t h e  Bethany-Pomfret l i n e .  
The d r i f t i n g  i s o p h o t a l  p a t t e r n  implied by t h e s e  observat ions 
r e q u i r e s  a c e r t a i n  degree of t i m e - s t a b i l i t y  t o  produce such wel l -cor re la ted  
but  time-delayed records  a s  Figure 3 ;  s p e c i f i c a l l y ,  t h e  c h a r a c t e r i s t i c  
time f o r  change i n  t h e  i sopho ta l  p a t t e r n  producing Figure 3 must be 
s u b s t a n t i a l l y  g r e a t e r  than t h e  observed delays (- O S 3 ) .  
whole r e q u i r e  t h a t  t h e  s t a b i l i t y  time of t h e  average p a t t e r n  be i n  excess 
of one second; however, a number of  s e r i e s  o f  L-pulses show r a t h e r  poor 
envelope c o r r e l a t i o n  which may be a r e s u l t  of more r ap id  t i m e  v a r i a t i o n  
of t h e  p a t t e r n .  
The d a t a  a s  a 
1 0  
I V .  O R I G I N  OF THE DRIFTING ISOPHOTAL PATTERN 
I n  t h e  previous s e c t i o n s  we have a t t r i b u t e d  t h e  o r i g i n  of t h e  
L-pulses t o  t h e  passage of an i r r e g u l a r  i s o p h o t a l  p a t t e r n  of t y p i c a l l y  
500 km s c a l e - s i z e  p a s t  t h e  rece iver  a t  v e l o c i t i e s  of s e v e r a l  hundred 
k d s e c  . The p a t t e r n  has s i m i l a r  contours  and v e l o c i t y  over a t  
l e a s t  a 5% frequency range, and normally remains s t a b l e  i n  a d r i f t i n g  
coord ina te  system f o r  a t  l e a s t  one second. 
a r i s e  i n  t h r e e  genera l  ways: 
1. 
Such a d r i f t i n g  p a t t e r n  may 
Fine-s t ructured d i r e c t i v i t y  i n  t h e  source 
2. Random d i s t r i b u t i o n  of absorbing clouds along t h e  l i n e  of s i g h t ,  
moving with an appropr ia te  v e l o c i t y  component perpendicular  t o  
t h e  l i n e  of s i g h t ,  o r  
A s i m i l a r  d i s t r i b u t i o n  of  i r r e g u l a r i t i e s  producing phase s h i f t s  
only.  
3 .  
I n  t h e  fol lowing sec t ions ,  it w i l l  be shown t h a t  only mechanism (3) 
may be reconci led  wi th  t h e  observat ions and o t h e r  r e l e v a n t  astronomical 
information.  
1. Fine-Structure  Source D i r e c t i v i t y  
Synoptic and dynamic spectrum observa t ions  of  J u p i t e r  (Warwick 1963)  
suggest  t h a t  t h e  emission i s  beamed with r a d i a t i o n  confined t o  a cone 
of width on t h e  o rde r  of 20".  Existence of very much smaller  beams 
wi th in  t h i s  primary cone could produce t h e  r equ i r ed  i sopho ta l  p a t t e r n  
i n  space.  
through t h i s  p a t t e r n  a t  a r a t e  determined by t h e  combined e f f e c t  of 
A r e c e i v e r  on t h e  e a r t h  would appear t o  be t r a n s l a t e d  
o r b i t a l  motions and r o t a t i o n s  of e a r t h  and J u p i t e r .  
observed s c a l e  s i z e  of t h e  L-pulse i sopho ta l  p a t t e r n  on e a r t h ,  important 




changes i n  emit ted f l u x  must occur i n  angles  on t h e  order  of  500 
km/4 a.u. or  N O'!l. I n  t u r n  such a d i r e c t i v i t y  would r e q u i r e  source 
coherence s i z e  g r e a t e r  t han  l o 6  wavelengths (15,000 km) . While not  
r u l e d  out  by d i r e c t  observat ions a s  y e t ,  s o  l a r g e  a coherent source 
l a c k s  phys ica l  p l a u s i b i l i t y .  
A second and more s i g n i f i c a n t  d i f f i c u l t y  wi th  t h i s  hypothesis  
a r i s e s  from cons idera t ions  of d r i f t  v e l o c i t y .  If t h e  source r o t a t e d  
wi th  t h e  p l a n e t ,  J u p i t e r ' s  r o t a t i o n  per iod  of about 1 0  hours would 
correspond t o  a p a t t e r n  d r i f t  v e l o c i t y  a t  t h e  o r b i t  of t h e  e a r t h  of 
approximately l o 5  km/sec a t  opposit ion,  t h r e e  orders  of magnitude 
g r e a t e r  than  t h e  observed v e l o c i t i e s .  Thus, any hypothe t ica l  l a r g e  
coherent  source may no t  partake of J u p i t e r ' s  r o t a t i o n .  While the 
well-known c o r r e l a t i o n  of  occurrence p r o b a b i l i t y  of r a d i a t i o n  with 
Jovian longi tude  (e.g.  Douglas 1964) does no t  absolu te ly  r e q u i r e  
t h e  source t o  r o t a t e  with t h e  p l a n e t  o r  i t s  magnetosphere, neverthe- 
l e s s  t h i s  remains by f a r  t h e  most obvious i n t e r p r e t a t i o n .  I n  t h e  
absence of support ing evidence f o r  a l a r g e  non-ro ta t ing  source,  such 
a model must be considered unl ike ly .  
Random D i s t r i b u t i o n  of Absorbing Clouds 
One of t h e  most f ami l i a r  i n s t ances  of a d r i f t i n g  i sopho ta l  
p a t t e r n  occurs on a p a r t l y  cloudy day when the  sun ' s  l i g h t  i s  obscured 
by an i r r e g u l a r  p a t t e r n  of d r i f t i n g  cumulus. If analogous d r i f t i n g  
absorbing clouds a r e  t o  cause t h e  L-pulses, they may not  be i n  co- 
r o t a t i n g  po r t ions  of J u p i t e r ' s  atmosphere o r  magnetosphere, because 
of t h e  v e l o c i t y  problem considered above. 
of t h e  e a r t h ,  such clouds must have a s c a l e  s i z e  of 500 km; i f  i n  t h e  
If anywhere i n  t h e  v i c i n i t y  
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ionosphere,  they would subtend an angle  of  60°, and would produce 
L-pulses on cosmic no i se  and a l l  d i s c r e t e  r a d i o  sources .  But ob- 
s e rva t ions  of Cyg A and Cas A a t  t h e  Bethany Observing S t a t i o n  show 
no evidence of L-pulses whatever. I n  t h e  case  of Cyg A, t h i s  r e q u i r e s  
t h a t  such clouds be s u f f i c i e n t l y  d i s t a n t  t h a t  t h e i r  angular s i z e  be 
l e s s  than t h a t  of Cyg A .  Using one minute of a r c  a s  Cygnus' angular  
s c a l e ,  we r equ i r e  a d i s t ance  o f  much more than 2(10)6 km o r  300 
e a r t h  r a d i i .  
By excluding hypothe t ica l  absorbing clouds from t h e  near  
v i c i n i t y  of e a r t h  and J u p i t e r ,  we have made t h e i r  presence i n  any 
l o c a t i o n  extremely un l ike ly .  To produce a t t enua t ion  by absorpt ion 
o r  c r i t i c a l  r e f l e c t i o n ,  e l ec t ron  d e n s i t i e s  some f i v e  orders  of 
magnitude higher  t han  those  assoc ia ted  with t h e  i n t e r p l a n e t a r y  
medium would be requi red .  
3 .  Random d i s t r i b u t i o n  of phase-changing i r r e g u l a r i t i e s .  
A random d i s t r i b u t i o n  o f  e l ec t ron  dens i ty  inhomogeneities w i l l  
impose phase f l u c t u a t i o n s  on incoming wavefronts, thereby producing 
a d i f f r a c t i o n  p a t t e r n .  The usual  ionospheric  s c i n t i l l a t i o n  i s  a 
r e s u l t  of t h i s  process;  t h e  i sopho ta l  p a t t e r n s  produced have s c a l e s  
on t h e  order  of ki lometers  and d r i f t  v e l o c i t i e s  on t h e  order  of 
t e n t h s  of a ki lometer  pe r  second. Ionospheric  o r i g i n  of L-pulses 
may be ru l ed  ou t  by t h e  arguments of s e c t i o n  2 - s p e c i f i c a l l y  t h e  
observed s c a l e  s i z e  of t h e  L-pulse i sopho ta l  p a t t e r n  and t h e  fa i lure  
of Cygnus A t o  e x h i b i t  L-pulses; t h e  e f f e c t i v e  d i f f r a c t i n g  screen 
must be more than 300 e a r t h  r a d i i  away. S imi l a r ly ,  t h e  prev ious ly  
used v e l o c i t y  argument excludes co - ro t a t ing  po r t ions  of J u p i t e r ' s  
atmosphere from cons idera t ion .  Thus, d i f f r a c t i o n  by inhomogenieties 
1 3  
i n  t h e  i n t e r p l a n e t a r y  medium i s  ind ica t ed .  
The r a t i o  of root-mean-square f l u x  t o  mean f l u x  i n  a J u p i t e r  storm 
i s  usua l ly  of t h e  order  o f  uni ty ,  i . e .  t h e  f l u c t u a t i o n s  ca r ry  a s ign ican t  
f r a c t i o n  of t he  average f l u x .  Under such condi t ions ,  t h e  root-mean- 
square phase f l u c t u a t i o n  Qo produced i n  the  wavefront must be on t h e  
order  of o r  g rea t e r  than  one radian ( R a t c l i f f e  1956 ;  Mercier 1962; Briggs 
and Parkin 1963). 
s c a l e  s i z e  ro ki lometers  and w i t h  root-mean-square e l ec t ron  dens i ty  devia- 
t i o n  AN per  cubic cent imeter ,  
For inhomogeneities with root-mean-square c o r r e l a t i o n  
Q x .0006 r AN +,/y 
0 0 
where fmc i s  t h e  observing frequency i n  megacycles per  second and n 
i s  t h e  number of inhomogeneities i n  t h e  l i n e  of s i g h t .  
then,  we r equ i r e  
A t  2 2 . 2  mc/s, 
This i n e q u a l i t y  may be r ead i ly  s a t i s f i e d  along a 4 astronomical 
u n i t  l i n e  of s i g h t  i n  t h e  in t e rp l ane ta ry  medium; we s h a l l  t he re fo re  con- 
s i d e r  i n  d e t a i l  t h e  hypothesis  of o r i g i n  of L-pulses i n  an i n t e r p l a n e t a r y  
d i f f r a c t i o n  process .  
V. DIFFRACTION I N  THE INTERPLANETARY MEDIUM 
The i n t e r m i t t e n t  presence of  outward moving s o l a r  plasma i n  t h e  
i n t e r p l a n e t a r y  medium has been es tab l i shed  f o r  years ,  notably by s t u d i e s  
of t h e  c o r r e l a t i o n  of s o l a r  a c t i v i t y  and geomagnetic phenomena. 
o f  a genera l  streaming of p a r t i c l e s  ou t  from t h e  sun has accumulated 
Evidence 
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beginning with Biermann's 1951 study of acce le ra t ion  i n  Type I comet 
t a i l s  and culminating i n  d i r e c t  measurement of s o l a r  wind ve loc i ty  and 
dens i ty  from spacecraf t .  Tfie almost i n v a r i a b l e  appearance of L-pulses 
i n  J u p i t e r  emission r e q u i r e s  t h e  continuous presence of a d i f f r a c t i n g  
medium i n  t h e  l i n e  of propagation; we w i l l  accordingly concentrate  our 
a t t e n t i o n  on t h e  cont inuing s o l a r  wind component of i n t e rp l ane ta ry  plasma. 
Observations made with t h e  pos i t i ve - ion  spectrometer on Mariner I1 
have e s t ab l i shed  b a s i c  p rope r t i e s  of t h e  s o l a r  wind between 0 .7  and 1 . 0  
a.u (Snyder, Neugebauer and Rao 1963; Neugebauer and Snyder 1965). Radial- 
v e l o c i t y  components were general ly  between 360 and 700 km/sec,and number 
d e n s i t i e s  between 0.3 and 1 0  proton/cm . Important systematic  v a r i a t i o n s  
i n  v e l o c i t y  were noted, corresponding t o  passage of t h e  spacec ra f t  through 
streams of  high v e l o c i t y  plasma. While v e l o c i t i e s  of t hese  streams were 
c l o s e l y  c o r r e l a t e d  wi th  geomagnetic dis turbances,no systematic  change i n  
r a d i a l  v e l o c i t y  wi th  d i s t ance  f rom t h e  sun was observed over t h e  range 
0 . 7  t o  i a.u. The solar wind pressure a t  0 .7  a .u .  was a p p r o x h a t e l y  twice 
i t s  value a t  a.u, a s  one would expect i n  view of t h e  constant  ve loc i ty .  
The k i n e t i c  energy of the s o l a r  wind was much g r e a t e r  than  magnetic 
energy as measured on board t h e  same spacec ra f t ;  e s s e n t i a l l y  r a d i a l  
v e l o c i t i e s  a r e  t h e r e f o r e  suggested. 
3 
Electron-densi ty  inhomogeneities a r e  requi red  for t h e  d i f f r a c t i o n  
process; each Mariner I1 measurement r e p r e s e n t s  a s p a t i a l  average over 
many thousands of ki lometers ,  and smal l - sca le  inhomogeneities would not  
have been seen. 
by observat ions of occu l t a t ions  o f  r a d i o  s t a r s  by t h e  ou te r  s o l a r  corona 
(Hewish 1955, 1958; Vitkevi tch 1960,1961; S lee  1961 ;  Erickson 1964). The 
Evidence f o r  the ex i s t ence  o f  i r r e g u l a r i t i e s  i s  provided 
1 5  
c phenomenon observed i s  an increase i n  apparent angular s i z e  of t h e  source 
due t o  s c a t t e r i n g ;  t h e  i r r e g u l a r i t i e s  a r e  considered t o  be i n  a d i f f r a c t i n g  
s l a b  i n  t h e  s o l a r  corona. The i r r e g u l a r  phase of  t h e  emergent wave may be 
considered t o  give r i s e  t o  plane waves propagating i n t o  a cone of h a l f -  
width a. rad ians  about t h e  o r i g i n a l  d i r e c t i o n  of propagation (see e .g .  
R a t c l i f f e  1956). If t h e  s p a t i a l  au to -co r re l a t ion  func t ion  of e l ec t ron  
dens i ty  i s  
2 2  exp (-r /ro ) , then 
, Q  > 1  0 
0 nr 0 
0 
xm 
a =  
A p o i n t  source w i l l  appear t o  have an angular  s i z e  a which may be 
measured wi th  s u i t a b l e  equipment, y i e l d i n g  r i f  9 
0 
< 1 and ro/m0 i f  
0 0 
> 1. Observations of  a a t  two d i f f e r e n t  wavelengths determine t h e  
v 0 
app l i cab le  range of Qo : i f  @ < 1, a. = cons tan t  A ;  i f  i > 1, ci0 = cons tan t  
X . Observations show t h a t  within about 100  r a d i i  o f  t h e  sun, a = cons tan t  
h 2 ,  and the re fo re  Ho > 1. T h i s  f a c t  was used by Hewish and Wyndham (1963) 
t o  show t h a t  ro > 50 km a t  90 s o l a r  r a d i i .  The same authors ,  arguing t h a t  
t h e  angular  s i z e  of t h e  i r r e g u l a r i t i e s  must be smal le r  than a0, found t h a t  
r < 5000 km a t  60 s o l a r  r a d i i .  Thus, a t  1 /2  a .u .  inhomogeniety s c a l e  s i z e s  




Erickson (1964) has obtained an empir ica l  r e l a t i o n  f o r  a between 
5 and 60 s o l a r  r a d i i  based on occu l t a t ion  observa t ions  of Taurus A a t  26 Mc/s: 
0 
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c l o s e s t  approach of t h e  l i n e  of s igh t  t o  t h e  sun i n  s o l a r  r a d i i .  
t h a t  t h i s  represents  i n  an approximate way condi t ions R 
sun, we may use (l), (4) and (5) t o  w r i t e  f o r  our observing wavelength 
X i s  t h e  observing wavelength i n  meters,  and R i s  t h e  d i s t ance  of 
0 
Assuming 





where Rau is expressed i n  astronomical u n i t s .  
v a l i d  i n  t h e  range 5 - 60 s o l a r  r a d i i ;  i f  we assume it t o  be approximately 
v a l i d  between t h e  e a r t h  and Jupi ter ,  t h e  condi t ion (2) f o r  i n t e r p l a n e t a r y  
d i f f r a c t i o n  becomes 
This expression w i l l  be 
r 0 > 75 Rau kilometers.  (7) 
I n  view of the  observed L-pulse c o r r e l a t i o n  s c a l e  s i z e s  of a few hundred 
k i lometers ,  t h i s  condi t ion appears t o  be s a t i s f i e d  along t h e  l i n e  of s i g h t  
between t h e  e a r t h  and J u p i t e r .  
e l e c t r o n  inhomogeneities i n  t h e  s o l a r  corona, when ex t rapola ted  t o  a few 
astronomical u n i t s ,  a r e  cons is ten t  wi th  t h e  requirements f o r  production 
of L-pulses by i n t e r p l a n e t a r y  d i f f r a c t i o n .  
That is ,  t h e  s c a l e  s i z e s  and d e n s i t i e s  of 
V I .  INTERPLANETARY DIFFRACTION AS THE SOURCE OF L-PULSES 
a) Geometrical and Cor re l a t ion  Consideration 
The geometry of t h e  proposed L-pulse d i f f r a c t i o n  process  i s  
i l l u s t r a t e d  i n  Figure 7 .  I n  view of  t h e  high k i n e t i c  energy of t h e  s o l a r  
wind, r a d i a l  motion with approximately cons tan t  v e l o c i t y  should be expected, 
even a t  seve ra l  astronomical u n i t s .  I r r e g u l a r i t i e s  moving r a d i a l l y  out-  
ward from the  sun with a constant  ve loc i ty  v have, perpendicular  t o  t h e  
S 
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l i n e  of s i g h t ,  a v e l o c i t y  v 
opposi t ion.  
w Z l l  be mul t ip l i ed  by a geometrical  f a c t o r  (2 + 2,) /Z due t o  t h e  
f i n i t e  d i s t ance  of J u p i t e r ;  small abe r ra t ion  co r rec t ions  f o r  t h e  
o r b i t a l  motion of e a r t h  and J u p i t e r  a r e  a l s o  apprec iab le .  Except near  
oppos i t ion ,  t h e  v e l o c i t y  w i l l  be roughly along t h e  p ro jec t ion  of t h e  
e c l i p t i c  on t h e  plane perpendicular t o  t h e  l i n e  of s i g h t .  Near opposi t ion,  
t h e  angle  between t h e  o r b i t a l  planes of e a r t h  and J u p i t e r  becomes com- 
parable  w i t h e ,  and t h e  small  p ro jec ted  v e l o c i t i e s  w i l l  t ake  on a range 
of d i r e c t i o n s .  Furthermore, s m a l l  random v e l o c i t y  components may become 
important,  obscuring t h e  systematic behavior of t h e  pro jec ted  v e l o c i t y  
near  oppos i t ion .  
s i n  8 which r eve r ses  approximately a t  
S 
The magnitude of  t h e  p ro jec t ed  v e l o c i t y  seen a t  t h e  e a r t h  
1 L 2 
Excluding t h e  few days around opposi t ion,  t h i s  model makes an 
unambiguous p red ic t ion  of  a r e v e r s a l  i n  t h e  sense of d r i f t  a t  aber ra t ion-  
co r rec t ed  oppos i t ion .  Such a c o r r e l a t i o n  between t h e  senseof t ime delay 
and t h e  d a t e  with r e s p e c t  t o  opposi t ion would produce two o the r  spurious 
c o r r e l a t i o n s .  F i r s t ,  a c o r r e l a t i o n  with c i v i l  d a t e  must be p re sen t  i f  
observat ions from only one appa r i t i on  a r e  ava i l ab le ,  bu t  should vanish 
when roughly uniform numbers of events from a l l  phases of a f u l l  o r b i t a l  
r evo lu t ion  of J u p i t e r  become ava i l ab le .  There must a l s o  be a c o r r e l a t i o n  
with l o c a l  t i m e ,  s i nce  meridian-centered observat ions before  opposi t ion 
a r e  made i n  t h e  e a r l y  morning hours and those  a f t e r  opposi t ion i n  t h e  
evening hours.  
Figure 8 shows t h e  t ime delay as a func t ion  of d a t e  from opposi t ion 
for t h e  79 storms observed. The da ta  p l o t t e d  cover four  appara t ions  
during which t h e  da t e  of opposi t ion moved from 25 J u l y  (1961) t o  1 3  
November (1964). 
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The c o r r e l a t i o n  i s  s t r i k i n g ;  
3 p o i n t s  a r e  i n  t h e  wrong-delay sense.  I n  add i t ion ,  some tendency f o r  
t h e  long delays t o  o c c m  near  opposi t ion i s  seen, a s  would be expected 
from t h e  geometry of Figure 7.  The p o i n t  a t  which delays reverse  s ign  
i s  s l i g h t l y  (- 1 week) p a s t  opposi t ion,  i n  agreement with abe r ra t ion  
p r e d i c t i o n s  and s p e c i f i c a l l y  cons i s t en t  w i t h  mean s o l a r  wind v e l o c i t y  
of about 350 km/sec i n t h e  s c i n t i l l a t i n g  reg ions  between e a r t h  and J u p i t e r .  
only two r e l i a b i l i t y  2 and t h r e e  r e l i a b i l i t y  
Figure 9 p re sen t s  t h e  time delays a s  a func t ion  of da te .  The 
c o r r e l a t i o n  fol lows from t h e  fact t h a t  w e  a r e  sampling only a t h i r d  of 
J u p i t e r ' s  o r b i t a l  per iod .  Thus, observat ions i n  January, where a l l  delays 
a r e  p o s i t i v e ,  always occurred a f t e r  opposi t ion;  observat ions i n  June, 
where a l l  de lays  a r e  negat ive,  always occurred before  opposi t ion.  
o the r  hand A p r i l  and September have been both pre-  and p o s t  opposi t ion 
months during t h e  per iod  1 9 6 1  - 1 9 6 5 ;  t h e i r  delays a r e  seen t o  be mixed. 
The apparent  c o r r e l a t i o n  with da te  i s  thus  seen t o  be an a r t i f a c t  of t h e  
On t h e  
basic C)-nn LwII e l a t i o n  with da t e  from oppos i t ion .  
I n  Figure 1 0 ,  g iv ing  delay a s  a func t ion  of l o c a l  t i m e ,  c o r r e l a t i o n  
i s  aga in  ev ident .  However, a l l  the  p o i n t s  f a l l i n g  before  2100 prove t o  
be d a t a  obtained a f t e r  opposi t ion;  t h e  p o i n t s  f a l l i n g  a f t e r  0300 were a l l  
obtained before  oppos i t ion .  
a r e  i n  v i o l a t i o n  of t h e  l o c a l  time c o r r e l a t i o n ;  t h i s  po r t ion  of t h e  diagram 
shows no evidence of l o c a l  time c o r r e l a t i o n .  I t  i s  i n  t h i s  po r t ion  t h a t  
pre-  and pos t -  oppos i t ion  da ta  a re  mixed; we t h e r e f o r e  conclude t h a t  t h e  
l o c a l  t ime c o r r e l a t i o n  i s  a l s o  the  expected consequence of t h e  fundamental 
c o r r e l a t i o n  with r e s p e c t  t o  opposi t ion.  
O f  the 18 p o i n t s  between 2100 and 0300, 6 
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Figure 11 shows t i m e  delays a s  a func t ion  of l o c a l  hour angle;  no 
s i g n i f i c a n t  c o r r e l a t i o n  i s  present  except f o r  t h e  c l u s t e r i n g  of observat ions 
between -3 and +3 as a r e s u l t  of observa t iona l  procedures.  h h 
The time delays a r e  thus  seen t o  be a s soc ia t ed  with da t e  from 
oppos i t ion  i n  t h e  p red ic t ed  sense.  
(unexpected) c o r r e l a t i o n s  with season, l o c a l  t i m e  and l o c a l  hour angle  
of observat ion i s  a f u r t h e r  i nd ica t ion  t h a t  t h e  time-delayed L-pulses 
have no s i g n i f i c a n t  ionospheric  component. 
The f a c t  t h a t  they d isp lay  no 
Two-station observat ions cannot f u r n i s h  an observed d i r e c t i o n  of 
t h e  d r i f t  v e l o c i t y  vec to r .  However, t h e  geometry of Figure 7 r equ i r e s  t h e  
systematic  v e l o c i t y  t o  be p a r a l l e l  t o  t h e  e c l i p t i c ,  except near  opposi t ion 
when t h e  d i f f e rence  between t h e  o r b i t a l  p lanes  of  t h e  e a r t h  and J u p i t e r  
become important.  For each observation i n  Table 4, t h e  Pomfret and 
Bethany loca t ions  have been pro jec ted  on a plane perpendicular  t o  t h e  
l i n e  o f  s i g h t  t o  J u p i t e r ,  and t h e  angle  between t h e  Bethany - Pomfret 
p r o j e c t i o n  and t h e  e c l i p t i c  ca lcu la ted .  Through a f o r t u n a t e  combination 
of geometric circumstances, t h e  angle was q u i t e  small  f o r  a major i ty  of 
t h e  observat ions,  permi t t ing  ca l cu la t ion  of t h e  v e l o c i t y  of t h e  i sopho ta l  
p a t t e r n  without knowledge of t h e  shape and o r i e n t a t i o n  of  i t s  s p a t i a l  
c o r r e l a t i o n  func t ion .  
~~ - 
Table 5 
~~ ~ ~ 
Table 5 summarizes t h e  der ived p a t t e r n  v e l o c i t i e s  v f o r  those da t e s  
where t h e  v e l o c i t y  e r r o r  i s  l e s s  than 33%. The s t a r r e d  da te s  a r e  unce r t a in  
due t o  a l a r g e  angle between t h e  e c l i p t i c  and t h e  Bethany - Pomfret l i n e ;  
P 
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they a r e  c o r r e c t  i f  t h e  co r re l a t ion  func t ion  i s  e i t h e r  c i r c u l a r l y  
symmetric o r  e l l i p t i c a l  with major o r  minor a x i s  along t h e  e c l i p t i c .  
Observations within 20 days of opposit ion have been omitted; t h e  
assumption t h a t  t h e  p ro jec t ed  s o l a r  wind v e l o c i t y  i s  p a r a l l e l  t o  t h e  
e c l i p t i c  w i l l  be bad i n  t h a t  region. 
The p a t t e r n  v e l o c i t i e s  a r e  seen t o  be comparable with s o l a r  wind 
v e l o c i t i e s ,  and t o  be sys temat ica l ly  smal le r  near  opposi t ion where t h e  
component of  t h e  s o l a r  wind perpendicular t o  t h e  l i n e  of s i g h t  grows 
small .  
Those observat ions i n  Table 5 which have been analyzed by c o r r e l a t i o n  
techniques y i e l d  a value of t h e  c o r r e l a t i o n  s c a l e  X, of t h e  p a t t e r n  along 
t h e  e c l i p t i c ;  values  of X, a r e  seen t o  l i e  between about 150 and 1000 
ki lometers .  The inhomogeneity sca l e  i n  t h e  d i f f r a c t i n g  medium must be 
of t h i s  order  of magnitude o r  g r e a t e r ;  such inhomogeneity s c a l e  s i z e s  
a r e  cons i s t en t  with l i m i t s  s e t  by coronal  occu l t a t ion  observat ions.  
We conclude t h a t  t h e  general  p r o p e r t i e s  of L-pulses i n  J u p i t e r ' s  
decametric emission may be e n t i r e l y  explained by d i f f r a c t i o n  i n  t h e  
i n t e r p l a n e t a r y  medium. 
b) Scale  and Velocity of  Inhomogeneities 
D e t a i l s  of d i f f r a c t i o n  phenomena respons ib le  f o r  t h e  L-pulses 
a r e  no t  suscep t ib l e  t o  simple t reatment .  The e a r t h  and J u p i t e r  are 
imbedded i n  t h e  d i f f r a c t i n g  medium, and t h e  number dens i ty ,  e l e c t r o n  
excess,  s c a l e  s i z e  and perpendicular  v e l o c i t y  component of t h e  inhomcg- 
e n e i t i e s  may each vary along t h e  l i n e  of s i g h t .  
s ince  J u p i t e r  i s  a t  a f i n i t e  d i s tance  t h e  d i f f r a c t i o n  p a t t e r n  s c a l e  and 
v e l o c i t y  produced by inhomogeneites a t  d i s t ance  Z1 w i l l  be magnified by 
Also ,  a s  noted e a r l i e r ,  
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Nevertheless, some further qualitative insight may be gained from 
arguments based on simple diffraction theory. To produce the fluctuations 
observed, an equivalent diffraction screen with Q 
density correlation scale size r 
- 1 radian and electron 
0 
must be at a distance Zl such that 
0 
2 > r  z1z2 0 
h 2 + z2 1 
When Qo > 1, arguments based on the focal distance of lenses (Mercier 1962) 
suggest that the appropriate form for the inequality is 
2 > r  
0 
z1z2 
z1 + 2 
@ o  2 
(9) 
, where X is the observed correlation 
0 
When T o  - 1, ro X z2 
0 z, + z, TI 
L2 
0 0 z , = z ;  
I L 
scale size of the fluctuations, and for Qo > 1, ro X Q 
I L 









d + G o -  
h 
where d = Z1 + 2 
For X = 500 km, (10) requires 2 > 1.85 (10) 
(10) 
is the distance from earth to Jupiter. 2 
7 km f o r  Qo -1 and Z1 > 1.85 
0 1 
8 km = 1 . 2 3  au for Qo - 1 0 .  Thus, inhomogeneities closer than a few 
22 
t e n t h s  of an astronomical u n i t  should not  con t r ibu te  appreciably t o  t h e  
p a t t e r n .  
Two l i n e s  of argument suggest t h a t  inhomogeneities near  J u p i t e r  
w i l l  n o t  con t r ibu te .  F i r s t ,  i f  one makes t h e  p l a u s i b l e  assumption t h a t  
2 r 
7 o does not  decrease along the  l i n e  of s i g h t ,  inhomogeneities wi th in  
pi 
0 
a few t e n t h s  of an astronomical u n i t  o f  J u p i t e r  w i l l  produce c o r r e l a t i o n  
s c a l e  s i z e s  a t  t h e  earth an order of magnitude l a r g e r  than t h e  same 
inhomogeneities roughly half-way between t h e  e a r t h  and J u p i t e r .  The 
L-pulses s tud ied  a r e  the smallest scale s t r u c t u r e  i n  most records ;  they 
a r e  t h e r e f o r e  not  produced by inhomogeneities nea r  J u p i t e r  un le s s  no o the r  
inhomogeneities of similar or smaller s i z e  e x i s t  a long t h e  l i n e  of s i g h t .  
A second l i n e  of argument i s  based on t h e  apparent time s t a b i l i t y  
of t h e  d r i f t i n g  i s o p h o t a l  pa t t e rn .  Due t o  t h e  magnif icat ion of t h e  d r i f t  
v e l o c i t y  by '1 + '2 , clouds near  J u p i t e r  w i l l  produce high and 
0 
L2 v a r i a b l e  v e l o c i t y  p r o j e c t i o n s  which w i l l  cause t h e  d i f f r a c t i o n  p a t t e r n  
t o  change r a p i d l y  a s  it d r i f t s .  On t h e  o t h e r  hand, clouds between 1 and 
3 au away from t h e  e a r t h  have a near ly  cons tan t  p ro jec t ed  ve loc i ty ,  s ince  
s i n  0 and '1 3. '2 a r e  changing i n  oppos i te  d i r e c t i o n s .  
'2 
Thus, values  of ro between a few hundred and few thousand k i l o -  
meters a r e  cons i s t en t  with t h e  observat ions,  with most of t h e  d i f f r a c t i o n  
occuring over a pa th  of about 2 astronomical u n i t s ,  centered half-way 
between t h e  e a r t h  and J u p i t e r .  
The angular  diameter B of t h e  inhomogeneities i s  q u i t e  small: 
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The maximum angular  s c a l e  of inhomogeneities producing f l u c t u a t i o n  occurs  
when Z1 i s  as small  a s  it can g e t  and s t i l l  s a t i s f y  (10).  
(11) , we ob ta in  
Using (10) i n  
This i s  an observable quant i ty ;  f o r  Xo = SOOkm, emax = 5?5. 
s c a l e  of t h e  source on J u p i t e r  must be s u b s t a n t i a l l y  smaller  than  t h i s  
value;  high f l u c t u a t i o n  ind ices  would otherwise be impossible.  The f a i l -  
u r e  of Cyg A and Cas A t o  e x h i b i t  L-pulses i s  a r e s u l t  of t h e i r  angular  
The angular  
s c a l e  being much g r e a t e r  than emax. 
S lee  and Higgins (1966) have reported an important s e r i e s  of 
. measurements bf  t h e  apparent diameter of J u p i t e r ' s  decametric emission 
source,  using base l ines  up t o  200km i n  l eng th  a t  1 9 . 7  Mc/s. 
. 
Convincing 
evidence of an apparent source angular s i z e  on t h e  order  of 1 0  t o  15  
seconds of arc, toge the r  with appare.nt f l u c t u a t i o n s  i n  s i z e ,  was i n t e r -  
p re t ed  a s  a r e s u l t  of i n t e rp l ane ta ry  d i f f r a c t i o n .  To compare these  
observa t ions  with the  r e s u l t s  of t he  p re sen t  paper,  it should be noted 
t h a t  t h e  apparent angular  s c a l e  produced i n  a p o i n t  source a t  d i s t a n c e  
Z1 + Z2 by a d i f f r a c t i p g  medium a t  d i s t ance  2 w i l l  be %k .( 1 0 a,tc, 
Using (4) and t ak ing  &= Cfx & , we have do'= %o . The 
4 ?,+3;r 
angular  s i z e s  quoted by Slee  and Higgins r e f e r  t o  t h e  width t o  half-power 
of  an equiva len t  gaussian d i s t r i b u t i o n ;  t he  parameter M o t  used i n  t h i s  
paper i s  t h e  half-width t o  l / e  of an equiva len t  gaussian d i s t r i b u t i o n .  
Thus, SPee and Higgins? range of ten  t o  f i f t e e n  seconds of a r c  cor res -  
ponds t o  a range i n  o(6 of 6 t o  9 seconds of a r c  a t  1 9 . 7  Mc/s, o r  for 1 
1 
- -- -4-1 and 22.2 Mc/s, a range i n  O$ of  4.7 t o  7 seconds of  a r c .  Expected 
I 
values  of d, based on our d a t a  are  t abu la t ed  i n  Table 5, and a r e  seen 
23 a 
t o  be about a f a c t o r  of two smaller than ind ica t ed  by t h e  observat ion9 
of S l e e  and Higgins. 
Agreement between an observed angular  s c a l e  and an angular  
s c a l e  p red ic t ed  from an observed anpl i tude  c o r r e l a t i o n  s c a l e  i s  t o  be 
expected only i f  t h e  amplitude and phase s c i n t i l l a t i o n s  a r i s e  i n  t h e  
I 
same reg ion  between e a r t h  and J u p i t e r ,  or i n  d i f f e r e n t  reg ions  having 
t h e  same value of )$, = nb .-% , Arguments i n  t h e  previous 
BO ea 
s e c t i o n  suggest  t h a t  t he  i r r e g u l a r i t i e s  respons ib le  f o r  amplitude scin- 
t i l l a t i o n  a r e  i n  a broad region half-way between t h e  e a r t h  and J u p i t e r ;  
none of  t hese  arguments apply t o  the  i r r e g u l a r i t i e s  r e spons ib l e  f o r  
phase s c i n t i l l a t i o n .  Indeed, one would expect c o n t r i b u t i o s f r o m  a l l  
along t h e  l i n e  of s i g h t ;  however the  apparent angular  s c a l e  do' would 
- be p r imar i ly  determined by t h a t  s i g n i f i c a n t l y  con t r ibu t ing  reg ion  which 
, 
is characterized by the smallest value of . Thus, among 
o the r  p o s s i b i l i t i e s ,  t h e  amplitude and angular  s i z e  d a t a  a r e  c o n s i s t e n t  
(Slee,  p r i v a t e  c-h) with product ion of amplitude s c i n t i l l a t i o n  
Cdm m V I )  I cq t 10 k 
by i r r e g u l a r i t i e s  about half-way t o  &ipiter (%%z) , and product ion 
t r  of phase f l u c t u a t i o n  by i r r e g u l a r i t i e s  near  t h e  e a r t h  [ 1 ) , 
with  A/#,, remaining approximately cons tan t  over t he  l i n e  o f  s i g h t .  
These near-by i r r e g u l a r i t i e s  do n o t  appear i n  t h e  amplitude d a t a  s i n c e  
(10) i s  n o t  s a t i s f i e d .  
Time de lays  of  L-pulses between t h e i r  spaced r e c e i v e r  s i t e s  were 
a l s o  noted by S l e e  and Higgins; t h e i r  observa t ions  appear t o  be cons is -  
t e n t  wi th  the  r e s u l t s  of t he  present  paper when t h e  r a t h e r  s t e e p  i n c l i n -  
a t i o n  of t h e i r  base l ine  t o  t h e  e c l i p t i c  i s  taken i n t o  account.  
- 
c) I n t e r p l a n e t a r y  S c i n t i l l a t i o n  of D i sc re t e  Radio Sources 
The f l u x  from d i s c r e t e  sources of  small  angular  diameter has  been 
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shown to fluctuate with a time scale of seconds (see e.g. Hewish et al. 
1964) .  
Taurus A, these authors proposed an interplanetary diffraction mechanism 
with a. M 1" at 178 Mc/s and Qo > 1. 
extrapolating to 2 a.u. and multiplying by the square of the wavelength 
ratio, we obtain a 
region of the interplanetary medium which produces Jupiter L-pulses. 
This value is about a factor of 3 larger than the results of the present 
paper (see Table 5). 
by Hewish, et al, that io  > 1 at 178 Mc/s (1.7 meters). 
more recent paper Hewish, Dennison, and Pilkington (1966) report spaced- 
receiver observation of 3 . 7  meter interplanetary scintillation of the 
quasi-stellar source 3C48. 
Extrapolating results of observation of solar occultations of 
Their figures apply at 0.5 a.u.; 
= 16", and&''= 8"  as the expected value for the 
0 
The discrepancy probably lies in the interpretation 
In fact, in a 
~ 
Time delays between receivers were observed, 
and evidence that 4 
an average electron inhomogeneity scale size of about 15Okm was present 
< 1 at 3 . 7  meters was presented, suggesting that 
0 
along the lines of sight used during the observation. The fact that 
Q 
work and the present paper, and suggests that at 22 .2  Mc/s (13.5 meters), 
< 1 above 3 . 7  meters removes the discrepancy between liewish's earlier 
0 
Q m 1. 
0 
The simple diffraction geometry presented in this paper is thus 
consistent with SPee's observations of Jupiter's apparent decametric 
angular size and with the interplanetary scintillation observations of 
Hewish, and in addition explains the observed behavior of L-pulses. 
Three-station observation of L-pulse obtained in 1965 and 1966  
are now being reduced, and will be capable of establishing observationally 
the average shape and velocity vector of the scattering inhomogeneities. 
It is important to remark that, for the wavelength and line of sight used, 
- _- 
. .  
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is determined directly by the spaced-receiver observations, subject 'max 
only to the uncertain validity of the simple diffraction theor on which 
the result is based. Thus, spaced-receiver observations of Jupiter and, 
more importantly, of discrete radio sources can provide a calibration 
for the use of interplanetary scintillation as an 'angular-diameter mea- 
suring technique. It may also be possible by observations of this type, 
using Jupiter as a source, to detect the presence of the transition re- 
gion in the solar wind should it ever lie within the orbit of Jupiter. 
The authors would like to express their thanks for the assistance 
of Mr. J. R. McCullough and the Pomfret School, Dr. F. R. Zabriskie of 
Van Vleck Observatory, and Dr. K. L .  Franklin of the American Museum - 
Hayden Planetarium in establishing and running the spaced receivers, and 
for the assistance of Mr. Alfred Kelleher of the Research Corporation in 
setting up the initial spaced-receiver system in 1958. Particular thanks 
are due Mr. James B. Didriksen of the Yale Observatory who was respon- 
sible for the bulk of the &+a reductlm. We would a l so  like to thank 
Mr. 0. B. Slee of the Royal Radar Establishment, Malvern, England, who 
pointed out an error in an earlier version of this paper. 
26 
This program was undertaken with t h e  a i d  of g ran t s  from t h e  Research 
Corporation, and was pr imar i ly  supported by g ran t s  from t h e  National Science 
Fcmdat ion  (GP 4086) and t h e  National Aeronautics and Space Administration 
(NsG 407) t o  Yale Universi ty;  t he  bulk of t h e  work was accomplished while 
t h e  au thors  were with t h e  Yale Observatory. 
27 
REFERENCES 
Bigg, C .  H . ,  1964, Nature, 203, 1008. 
Briggs,  B.  H .  and Parkin,  I. A . ,  1963 Jour. A t m .  and Terr .  Phys., 25, 
339. 
Carr, T.  D . ,  Brown, G .  W . ,  Smith, A.  G . ,  Higgins, C .  S . ,  Bollhagen, H . ,  
May, J . ,  and Levy, J . ,  1964,  A p .  J . ,  140 ,  778. 
Carr, T .  D . ,  Smith, A .  G . ,  Bollhagen, H . ,  S ix ,  N .  F . ,  and Chat te r ton ,  
N. E., 1961, Ap.  J . ,  134 ,  105. 
Douglas, J.  N . ,  1960, Ph.D. Di s se r t a t ion ,  Yale Univers i ty ,  New Haven, 
Conn . 
. 1963, Trans.  Amer. Geophys. Union, 44, 887 (Abstract) .  
. 1964, IEEE Trans. Antennas and Propagation, AP-12, 839. 
Douglas, J. N .  and Smith, H.  J . ,  1961, Nature, 192, 741. 
. 1963a, Mem. SOC. Roy. Sci.  L iege . ,  7 ,  543. 
. 1963k1, A. J . ,  68, 163. 
. 19632, Nature, 199, 1080. 
Erickson, W .  C . ,  1964, A p .  J . ,  139,  1290. 
Gal le t ,  R . ,  1961, P l ane t s  and S a t e l l i t e s ,  ed. G .  P. Kuiper and B .  M .  
Middlehurst (Chicago: Univ .  of Chicago P res s ) ,  chap. 14 .  
Gardner, F. F. and Shain, C .  A . ,  1958, Aus t r a l i an  J. Phvs., 11, 55. 
Hewish, A . ,  1955, Proc. Roy. SOC. London A, 228, 238. 
. 1958, M .  N . ,  118, 534. 
Hewish, A . ,  Dennison, P.  A . ,  and P i lk ington ,  J. D .  H . ,  1966, Nature, 
209, 1188. 
Hewish, A. and Wyndharn, J. D . ,  1963, M .  N . ,  126, 469. 
Hewish, A . ,  S c o t t ,  P.  F . ,  and W i l l s ,  D . ,  1964, Nature, 203, 1214. 
Mercier, R .  P . ,  1962, Proc. Carnb. P h i l .  S O C . ,  58, 382. 
Neugebauer, M .  and Snyder, C .  W . ,  1965, J.  G .  R . ,  70, 1587. 
P h i l l i p ,  K.  W . ,  1957, A. J . ,  62, 145 (Abstract) .  
Ra tc l i f f e ,  J .  A . ,  1956, Reports on P r o n e s s  i n  Physics,  19,  188. 
S l e e ,  0. B .  and Higgins, C .  S . ,  1966, Aus t r a l i an  J. Phys., 1 9 ,  167. 
S l ee ,  0. B . ,  1961, M .  N . ,  123, 2 2 3 .  
Smith, A. G . ,  Carr, T .  D . ,  and Six, N .  F . ,  1963, Mem. SOP. Roy. S c i .  
LieFe, 7 ,  543. 
Smith, H. J. and Douglas, J. N . ,  1959, i n  P a r i s  Symp. on Radio Astronomy 
(Stanford: S tanford  Univ. Press) , p .  53. 
. 1962, A. J . ,  67, 120 (Abstract) .  
Smith, H. J . ,  Lasker, B. M . ,  and Douglas, J. N . ,  1960, A.  J . ,  65, 487 
(Abstract) .  
Snyder, C .  W . ,  Neugebauer, M . ,  and Rao, V. R . ,  1963, J. G .  R . ,  68, 6361. 
Vi tkevi tch ,  V. V . ,  1960, Sov ie t  A s t r . - A .  J . ,  4, 31. 
. 1961, Sovie t  A s t r . - A .  J . ,  4, 897. 
Warwick, J. W . ,  1961, Ann. N .  Y. Acad. S c i . ,  95, 39. 
. 1963, A p .  J . ,  137, 41.  
. 
2 9  
FIGURE CAPTIONS 
Figure 1 - Hourly average 2 2 . 2  Mc/s f l u x  from J u p i t e r  during 
September, 1964. Abscissa i s  r e l a t i v e  f l u x ;  t h e  h ighes t  values  
a r e  approximately 7 times t h e  2 2 . 2  Mc/s f l u x  from Cygnus A. 
Note a c t i v i t y  per iods  ending around 7 September and beginning 
around 1 3  September; minima around September 23 and 2 8  may a l s o  
be r e a l .  
Figure 2 - Port ion of 22 .2  Mc/s J u p i t e r  storm of 20 January 1965. 
The b u r s t  groups a t  Pomfret and Bethany gradual ly  d r i f t  i n  and 
out  of c o r r e l a t i o n  due t o  ionospheric  s c i n t i l l a t i o n .  
group a t  1734 EST appears a t  high speed i n  Figure 3 .  
The b u r s t  
Figure 3 - High speed record of b u r s t  group on 20 January 1965 
obtained a t  0 . 2  inch/second with time constant  of 1 0  mil l iseconds.  
The b u r s t  group i s  resolved i n t o  L-pulses; t h e  Pomfret t r a c e  i s  
similar t o  t h e  Bethany t r ace ,  bu t  l a g s  0 .3  seconds behind it. 
Figure 4 - One inch  per  second record of  a 2 2 . 2  Mc/s J u p i t e r  
storm on 18 Ju ly  1961,  showing S-pulses superimposed on L-pulses. 
No time delays a r e  evident i n  t h i s  nea r ly  p e r f e c t l y  c o r r e l a t e d  
record.  
Figure 5 - Tracing of high-speed multifrequency records  of a f r e -  
Note t h e  simulta- quency d r i f t i n g  b u r s t  group on 29 March 1960.  
n e i t y  of t h e  L-Pulses when present ,  i r r e s p e c t i v e  of  amplitude. 
Figure 6 - Delay histograms f o r  30 Apr i l  1961.  
Figure 7 - Proposed d i f f r a c t i o n  geometry, showing r e v e r s a l  of 
sense of d r i f t  near  opposit ion.  
30 
F igure  8 - P l o t  of t ime delays versus  da t e  from opposi t ion inc luding  
da ta  from four  opposi t ions.  
Bethany, and i s  seen t o  be c h a r a c t e r i s t i c  of observat ions a f t e r  
opposi t ion.  
A p o s i t i v e  delay means Pomfret l a g s  
Figure 9 - P l o t  of  t ime delay versus  d a t e .  Note t h e  f a i l u r e  of 
c o r r e l a t i o n  i n  April and September, months which were both pre- 
and post-opposi t ion during 1 9 6 1  - 1965. 
Figure 1 0  - P l o t  of time delay versus  l o c a l  t ime.  Note t h e  f a i l u r e  
of c o r r e l a t i o n  between 2100 and 0300, t h e  only hours of  t h e  day 
when both pre- and post-opposi t ion observa t ions  a r e  ava i l ab le .  
Figure 11 - P l o t  of t i m e  delay versus  l o c a l  hour angle ,  showing t h e  
c l u s t e r i n g  of observations between + 3 and - 3 but  no o the r  
c o r r e l a t i o n .  
h h 
Table 1. CLASSIFICATION OF JOVIAN NOISE STORM ACTIVITY 
Type Duration P r i n c i p a l  Cause 
A c t i v i t y  Per iods Days t o  Weeks Beating of r o t a t i o n  per iods  o f  
e a r t h  and J u p i t e r  and r evo lu t ion  
per iod  of I o ;  i n t r i n s i c  v a r i a t i o n  
of source a c t i v i t y  may a l s o  be 
p re sen t .  
Noise Storms 
Burst  Groups 
L- Puls e s 
S-Pulses 
Minutes t o  Hours Rota t ing  d i r e c t i v e  emi t t e r  
and r e c e i v e r ,  
Seconds t o  Minutes Ionospheric  s c i n t i l l a t i o n ,  
modulating a source a l ready  
having some f l u c t u a t i o n  on t h i s  
s c a l e .  
0 . 1  t o  5 Seconds I n t e r p l a n e t a r y  s c i n t i l l a t i o n  
( t h i s  paper) 
cO.01 t o  0.1 Seconds Obscure 
Table 2 
S t a t i o n  Longitude (W) Lat i tude  (N) Al t i tude  (Meters) Azimuth Distance Ikm) 
Ret hany 72" 59! 0 41" 25: 6 1 8 9  
Hendrie 72'55I5 41" 1 8  ! 6 25 159"  47 I 3  13.857 
Middletown 72" 3 9  I 6  41" 33 ? 1 75 63" 481 6 31.113 
Pomfret 71'58IO 41" 53 I 0 1 7 0  59"10! 9 98.737 
Huntington 73 " 20 ! 2 40" 49: 3 76 204" 21! 8 73.509 
---- ---- 
Table 3 
Year S t a t i o n s  and R e c e i v e r s  i n  Operation 
1 9 6 0  Bethany: 21.60,  21 .83 ,  22 .08  and 22.28 Mc/s 
1 9 6 1  Bethany: 22.20 Mc/s; Hendrie 22.20 Mc/s; Middletow: 2 2 . 2 0  Mc/s; 
Pornfret :  22 .20  Mc/s 
1 9 6  2 ,1963 Bethany; 22.20 Mc/s; Pornf re t .  22 .20  Mc/s 
1 9 6 4  Bethany: 2 1 . 9 ,  22.20,  22 .25 ,  22 .60  Mc/s; Pornfret :  22 .20  Mc/s 
1 9 6 5  Bethany: 21 .90 ,  22 .20 ,  22 .25 ,  22 .60  Mc/s; Pornf re t ;  22 .20  Mc/s; 
Huntington, 22 .20  Mc/s. 
TABLE 4 
S m a r y  of T ime  Delay Observations 
Days Since Delay* (sec) f 
Date Opposition 7 EST Hour Angle Pomfret - Bethany R e l i a b i l i t y  
1 9 6 1  
Apr i l  1 6  -100 03 25 -0315 
1 8  - 98 0500 -0136 
30 - 86 0423 -0130 








3 0  
Ju ly  27 
30 
3 1  
Aug . 1 
1 7  
22 
29 








- 8 4  
- 8 1  
- 69 - 67 
- 6 4  - 62 
- 35 
- 32 - 3 1  
- 30 
- 1 4  
- 9  
- 2  
























































June 1 -129 1016 +0214 
11 - 89 0930 +03 44 
28 - 72 0151 -0253 
Sept .  25 - 1 3  23 50 -0047 
Oct. 20 + 1 2  2233 -0014 
2 1  + 1 3  2300 +0018 
29 + 2 1  003 2 +0221 
-0.25 t . 0 5  
-0.20 t . 0 5  
-0.30 t . 1 0  
0.00 k . 0 1  
-0.03 
-0.15 t . 0 5  
-0.09 





























































J u l y  









1 8  
22 
29 
1 4  




1 2  
30 
30 









































































































1 7  20 
113 5 











































Pomfret - Bethany 
+0.42 k.03 
+0.32 2.03 
+0.45 t .08 
+0.25 2.04 

















+0.2 r t . 1  






+0.15 k . 0 5  
+0.10 t . 0 5  
+0.20 2.03 
+0.15 k.l 
+0.15 k . l  
+0.07 2.05  
+0.05 k.05 
+0.10 k . 0 5  
+0.09 k.03 
+0.20 t .06  
+0.12 t . 06  
0.00 k.05 

























TABLE 4 Continued 
t Days Since Delay* (sec) - Date Opposition - EST Hour Angle Pomfret - Bethany R e l i a b i l i t y  
A p r i l  3 +141 1 2 3 1  -0209 +0.25 2.03 
2 1  +159 1550 +0205 +0.07 k.03 
24 +162 10 44 -0251 +0.08 2.05 
30  +168 1110 -0207 +0.10 k.06 
May 8 +176 1654 +0400 -0.04 2.02 
* Delays a r e  def ined a s  t h e  most f requent  d i f f e rence  (Pomfred minus Bethany) 
i n  t i m e  of a r r i v a l  of L-pulses, o r  as t h e  time s h i f t  requi red  f o r  maximum 
c ross -co r re l a t ion  between records.  
+ The r e l i a b i l i t y  numbers a r e  coded as  follows: 
R e l i a b i l i t y  Def in i t i on  
1 Unimodal delay histogram wi th  well-defined narrow 
peak and more than 15 delay measurements, o r  a 
delay obtained from c ross -co r re l a t ion  analyses .  
2 Unimodal delay histogram with a broad peak. 
3 Bimodai o r  very broad delay histogram, o r  tocj 
few measurements f o r  1 o r  2. 
Date from 
Opposition V (km/sec) 1 0, max a, Date 
1961 -
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